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Tetrahedral Mn i4 cluster in silicon
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Mni4
0 clusters were investigated by electron paramagnetic resonance in silicon specimens with initial doping

concentrations between 1.531015 P cm23 and 531016 B cm23. In n-type samples and in intrinsic samples,
we obtained the EPR spectrum of the well-known Mni4

0 cluster, whereas inp-type material we observed an
unknown EPR spectrum of cubic symmetry which we attribute to a Mni4

1 cluster. This spectrum is highly
light sensitive. Its1/0 level was found near midgap by photo-EPR. In highly dopedp-type material we could
prove the presence of a Mni4

21 center which shows no EPR spectrum, but is transformed into Mni4
1 under

illumination.

DOI: 10.1103/PhysRevB.63.233202 PACS number~s!: 71.55.Cn, 76.30.Fc
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Manganese is an important representative of the trans
metals in silicon. If forms a large variety of different defec
Isolated interstitial defects like Mni

21, Mni
1, Mni

0, and
Mni

2, and also substitutional Mns
1 and Mns

22 ~Refs. 1 and
2!, have been identified by electron paramagnetic resona
~EPR!. Furthermore, complexes with acceptor doping ato
and with other impurity atoms,3 as well as three different Mn
clusters,4–7 have been observed.

A Mn i4
0 cluster in silicon consisting of four neutral inte

stitial manganese atoms which form a regular tetrahed
was first reported by Ludwig, Woodbury, and Carlson.4 This
defect, as well as the other clusters, Mni3

0Mni
2 and Mni3

1,
were investigated later on in great detail by EP
measurements5–7 and also by theoretical analysis.8–10

The energy levels of the Mni4
0 cluster are still controver-

sial in the literature. A level atEc20.28 eV wasobtained by
combined EPR and Hall-effect investigations,11,12 whereas
early Hall-effect results,4 combined ESR and DLTS
measurements,13,14 luminescence data,15 and photo-EPR
~Refs. 5 and 16! results show a level near midgap. In th
photo-EPR work, the light sensitivity of the EPR spec
seems to be different from that in other papers. These
crepancies could be due to differences in the initial doping
the silicon material. Therefore, in the present paper, we c
fully reinvestigate the Mni4

0 center in specimens with a wid
range of doping concentrations.

We have investigated floating zone silicon with initi
doping concentrations 1.531016 P cm23, 731014 P cm23,
131014 P cm23, 231013 P cm23, 731014 B cm23, 6
31015 B cm23, and 531016 B cm23. Samples with dimen-
sions of 333310 mm3 were cut from@111#-oriented disks
with the long axis in a@110# direction. Manganese wa
chemically deposited on the surface from a manganese c
ride solution. The samples were annealed for 1.5–2 h
1265 °C in a vertical furnace under a pure He atmosph
and quenched in water with a layer of oil on top. After th
treatment all specimens except those with 531016 B cm23

weren type, due to the Mn doping.
The measurements were performed in dispersion, usi

Bruker ER200D spectrometer in theX band~9.41 GHz!. The
magnetic field was modulated at 50 kHz. The specim
were mounted in a H103 optical transmission cavity, with
their @110# axis perpendicular to the static magnetic field
0163-1829/2001/63~23!/233202~4!/$20.00 63 2332
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that, by turning the crystal around this axis, the magne
field could be swept through the entire~110! plane. The tem-
perature was kept near 4 K with an Oxford ESR9 continuo
flow cryostat. For the photoelectron-spin-resonance meas
ments we used a 250-W quartz-halogen tungsten lamp a
Leiss quartz-prism monochromator.

EPR results

In all originally phosphorus-doped specimens, as well
in high resistivity boron-doped specimens, we found the E
signal of the Mni4

0 cluster as described in previous work. I
spin Hamiltonion is

H5gmBBS11/6a@Sx
41Sy

41Sz
4215S~S11!~3S212S21!#

1A•S•I , ~1!

with the total nuclear spinI 54I Mn andI Mn5 5
2 .4,5 The values

of g and the cubic field constanta are 2.009 anda524.2
31024 cm21, respectively.

The spectrum is composed of 12 fine-structure lin
whose angular dependence in the~110! plane is given by

B5B01Bi~125 sin2u115/4 sin4u!, ~2!

where i 51 –12, andu is the angle between the magnet
field and the@100# direction.17

Due to the presence of four manganese nuclei, each
these line is split into 21 hyperfine lines with the intens
distribution4

1:4:10:20:35:56:80:104:125:140:146:140:. . . .

The hyperfine structure constant is5 A5213.7
31024 cm21.

At u529° and 408 the value of the bracket is zero, so th
in this direction all fine-structure lines nearly coincide, a
only the hyperfine splitting is left over. In other direction
like @100# and @111#, several overlapping hyperfine group
between 0.28 and 0.38 T are visible.

Immediately after quenching, we observed not only t
Mni4

0 spectrum but also the spectra of other manganese
lated centers, in particular that of isolated Mni

2 ~Ref. 12!
After several weeks at room temperature the intensity of
©2001 The American Physical Society02-1
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spectrum decreased simultaneously with the formation
Mni3

0Mni
2 clusters6 in n-type samples and high-resistivit

p-type samples, while inp-type samples with an initial dop
ing concentration of 731014 B cm23 and more, the center
Mni3

1 ~Ref. 7! and Mn2B ~Ref. 7! and MnB pairs18 ap-
peared.

In order to isolate the Mni4
0 clusters, the samples wer

subjected to isochronous annealing for 15 min, starting
150 °C and increasing the temperature in steps of 25 °C
the n-type and high-resistivityp-type samples, the signal o
the Mni3

0Mni
2 cluster begins to decrease at 175 °C, a

disappears at 275 °C. On the other hand, the signal of Mi4
0

increases up to 300 °C, where it begins to decrease un
350 °C only a weak EPR signal is left over. During th
weakening of the signal, no signals from isolated Mni could
be detected, indicating that at least part of the clusters b
to grow further rather than merely being dissolved.

In the highly dopedp-type samples, first the Mn2B spec-
trum disappears at 150 °C, and then, at 175 °C, the M
pairs vanish with a simultaneous increase of the Mni3

21 sig-
nal which begins to weaken at 250 °C and becom
undetectable above 275 °C. At the same time, a signal
0.33 T increases, and begins to decrease only at tempera
above 300 °C.

Although this signal appears in the same field region a
is similar in some respects, it is nevertheless significan
different from the Mni4

0 signal in n-type material. Figure
1~a! shows this signal. The initial doping of the specim
was 631015 B cm23, and the field was applied in the@100#
direction.

We recognize essentially the same pattern of 21 hyper
lines, which is typical of the Mni4

0 center. This indicates tha
the spectrum also belongs to a cluster of four equiva
manganese atoms. Withg52.01160.003, itsg value is only
slightly higher than the value of the Mni4

0 cluster (g
52.0092), and the hyperfine constantuAu5(13.460.2)
31024 cm21 also has a similar value. But here the simila
ity ends: The orientation dependence of the spectrum
much weaker than that of Mni4

0. Its appearance in Fig. 1 a
well as for all other directions of the magnetic field is ve
similar to the spectrum of Mni4

0, which is observed for mini-
mum fine structure splitting~i.e. under 30° to@100#!. This
must be due to a very small cubic field constanta, which is
in fact so small that in Fig. 1~a! the fine structure manifest
itself only as a small splitting of the hyperfine lines.

As a consequence, a reliable value ofS cannot be ex-
tracted from the spectra, and the value ofa in the Hamil-
tonian could only be estimated from a computer simulat
with the resulta'0.1531024 cm21. In this simulation the
Zeeman term and the cubic fine-structure term of Eq.~1! are
calculated by exact diagonalization, assumingS513/2 ~see
below!, whereas the hyperfine term is taken into account
second-order pertubation theory.5 This is expected to give a
good estimate of the coefficienta. The simulated spectrum i
shown in Fig. 2.

Since the center exists only inp-type samples, and has th
same thermal stability as the neutral Mni4 cluster, we con-
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clude that the spectrum is associated with a positiv
charged Mni4 cluster.~Further proof will be given below.!

As thed shell of a neutral manganese atom~electron con-
figuration 3d7) is more than half-filled, taking away on
electron increases the spin by 1/2. Consequently we as
the total spinS513/2 to our spectrum.

Photo-EPR results

In contrast to the Mni4
0 signal, which shows no obviou

change under illumination, our spectrum is very sensitive

FIG. 1. EPR spectrum of ap-type sample after annealing a
275 °C. The magnetic field is applied in the@100# direction.~a! In
the dark.~b! Under illumination.
2-2
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incident light. Not only the intensity of the lines but th
whole character of the spectrum changes@Fig. 1~b!#. More
specifically, the characteristic wings of the Mni4

0 spectrum
which are observed in@100# and@111# directions appear un
der illumination. Apparently, by capturing an electron, t
center is transformed into a neutral Mni4 cluster. Conse-
quently the spectrum must be due to a positively char
Mni4

1.
In another sample which had a boron concentration o

31016 cm23, and was the only one which remainedp type
after the Mn doping, no EPR signal could be detected a
annealing at 275 °C. But, again, under illumination we o
tained a mixture of the Mni4

0 signal and our Mni4
1 signal.

Therefore, we conclude that a Mni4
21 state exists in the gap

which shows no EPR signal but is transformed into Mni4
1

and Mni4
0 when it captures electrons.

In order to obtain information about the energy leve
associated with the cluster, we have also investigated
dependence of the Mni4

1 signal on the photon energy i
specimens with low and high boron contents. The results
represented by the two curves of Fig. 3: The signal of Mni4

1

from the specimen with the lower boron content begins
decrease near 0.55 eV, while the Mni4

0 signal ~not shown
here! increases in parallel. Consquently the Mni4

1 center
must have captured an electron at this photon energy. On
other hand, the signal from the highly boron doped specim
that remainsp type after Mn doping begins to increase ne
0.61 eV, indicating that the Mni4

21 which is present in this
sample captures an electron.

At first sight the results are surprising: It is hardly co
ceivable that in both cases the electron is excited dire

FIG. 2. Simulation of the spectrum in Fig. 1~a!.
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from the valence band to the center, because this would
ply that the level of the transition 21/1 is above the1/0
level. The two results are only compatible if, in the transiti
at 0.55 eV, the electron is transferred indirectly via the co
duction band, from where it is rapidly captured by the1/0
level of the cluster.~The low photosensitivity of the Mni4

0

spectrum indicates, in fact, that the1/0 level has a large
capture cross section and a small absorption cross sectio
could be the same level that was seen atEc20.28 eV by
other authors.11,12! On the other hand, in a specimen wi
high boron content, the Fermi level is close to the valen
band, all clusters are in the 21 state, and transitions to th
conduction band are not possible for a photon energy of 0
eV. Therefore, we conclude that here the transition carries
electron directly from the valence band to the1/21 level of
Mni4.

Within the uncertainty of the measurements, the sum
the two transition energies is equal to the gap energy. Th
fore the transition at 0.55 eV most likely carries an electr
from the same1/21 level to the conduction band, thereb
transforming two Mni4

1 centers into one neutral cluster an
one cluster with two positive charges. As an alternative,
energy of 0.55 eV could also be associated with the 21/1
transition of the Mni3 cluster7 but, as we see no Mni3

21

signal in the annealed samples, we can exclude a contr
tion of this cluster to the observed photo-EPR.

Of course we cannot fully exclude the possibilitiy that t
electron for the transition at 0.55 eV is provided by an u
dentified center which is not EPR active, but we would li
to point out that, so far, our model explains all observatio
in a satisfactory manner without invoking other levels
unknown origin. The only level that we are not able to ide
tify at present is the one that is responsible for the sig

FIG. 3. Variation of the signal intensity with photon energy
the incident light for Mni4

1 clusters. Continuous line: original dop
ing 731014 B cm23. Broken line: highlyp-doped sample with 5
31016 B cm23.
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drop at 0.71 eV in Fig. 3. We assume that transitions, eit
from this level to the conduction band or from the valen
band to this level, create electrons or holes, respectiv
which can be captured by the Mni4

1 centers.
In summary, we have found the EPR signal of a positiv

charged state of the Mni4 cluster, and have obtained stron
evidence for the existence of a doubly charged st
Mni4

21 , although no EPR signal of this state could be o
,

m

ev

tio
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served. From photo-EPR measurements we could asso
the transition Mni4

1/21 with a level near midgap. The leve
of Mni4

0/1 could not be determined quantitatively from o
own measurements, but its position is somewhere betw
the 1/21 level and the conduction band.

The authors thank Wacker Chemitronic for kindly provi
ing the silicon material.
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